INTRODUCTION
STUDIES of allelic recombination have, for the most part, been directed towards mapping the sites of genetic differences within genes. Mapping of these sites depends primarily on the frequencies of prototrophs formed amongst the progeny of crosses between pairs of auxotrophic alleles made in the repulsion phase. It is assumed that the frequency of prototrophs is a measure of the physical distance between the sites at which two auxotrophs differ from one another. Thus any pair of auxotrophic alleles would show a frequency which is the sum or the difference of the frequencies shown by crosses of these alleles to a third auxotroph. Although, in many cases it has been possible to construct maps using this additivity rule in practice any substantial body of data shows inconsistencies so that often the frequencies are only very poorly additive.
Commonly fine structure mapping is not solely dependent on prototroph frequencies, but also on the distribution of flanking markers amongst the prototrophs produced in allelic crosses. In a cross of the general type A m1 B x a m2 b where A and a are the proximal and B and b the distal flanking markers, the prototrophs, m fall into four classes. These are the two parental combinations A B and a b and the two recombinants A b and a B. In Jsfeurospora no one recombinant class vastly exceeds any other class and all four occur with substantial frequencies. However, some asymmetries are observed. The recombinant classes are often unequal in size. The parental classes are often unequal in size, and the directions of inequality of the parental and recombinant classes are correlated. It has often been assumed that the inequalities are due to " normal " crossing over and that the high frequencies of parental and the second recombinant classes are due to the simultaneous occurrence of two or three cross overs indicating a high degree of "negative interference ". However, high negative interference has been invoked merely as a description of the factor which is necessary to fit the observations to the cross over theory of recombination.
Relationships used to determine the order of sites of mutation are best understood if it is assumed that recombination does occur by a process analogous to crossing over. Three criteria have been considered (Jessop and Catcheside, 1965. Smith, 1965). i. If the recombinant classes are compared, the order will be A m1 m2 B ifa B is in the majority and will be A m2 m' B ifA b is in the majority (see fig. i ).
2. If the proximal flanking alleles only are considered, the order will be A m1 m2 if a is in the majority and will be A m2 m' if A is in the majority. In other words, the more frequent proximal flanking allele identifies the more distal of the m allele differences since they entered the cross together.
3. If the distal flanking alleles are considered, the order will be m1 m2 B if B is in the majority and will be m2 m1 B if b is in the majority.
That is, the more frequent distal flanking allele identifies the more proximal of the m allele differences since they entered the cross together. In a few cases all the criteria lead to the derivation of a consistent order for a series of alleles and this order agrees for the most part with the order based on prototroph frequencies (Jessop and Catcheside, 1965; Smith, 1965) . However, the remarkable feature of recombination data from various organisms is the great variability which exists not only between species, but also between genes in the same species and even between the same pairs of alleles (Catcheside, unpubi.) .
Variation is not confined to allelic recombination but has long been recognised in crosses between nonallelic genes. Variation in this respect takes the form of differences in the frequency of recombination between the same linked genes when stocks of different origin are used. This variation is so marked in some species that accurate linkage maps can only be constructed using data from three or four point crosses.
In the past interest has been centred on chromosome mapping, fine structure mapping and on the mechanism of" conversion ". In these respects most of the variability observed has seemed more of a nuisance than a source of information about mechanisms (Catcheside, Jessop and Smith, 1964) . It has now been recognised that close study of all these variations will provide information essential to an understanding of the process of recombination.
The work reported here is part of a detailed study of variations encountered in the course of mapping the fine structure of the his-5 gene in J'Teurospora crassa (Smith, 1965) . It was observed in this earlier work that the frequency of prototroph formation in crosses between the same pair of his-5 alleles could vary by a factor of about two depending on the stocks used. In the few cases where recombination between the flanking markers in the general population of these crosses was determined related frequency changes were recorded. In addition, the distribution of flanking markers amongst allelic prototrophic recombinants often differed significantly although the variations were not sufficient to reverse the order of sites of difference deduced using the three marker criteria. Since it was thought that all these variations are genetically determined the present investigation was designed to show the ways in which these differences are inherited and the relationships between them.
MATERfALS AND METHODS (a) Organisms
The two histidine-5 mutants, K5 i and K553, were isolated (Catcheside, 1960) from the wild type Emerson a by filtration enrichment, following irradiation with ultra-violet light. The pyrilnidine-3 mutant allele used was 1298 originally received from Dr G. W. Beadle. A leucine-2 mutant 3750!, kindly donated by Dr D. D.
Perkins, was successively outcrossed to the Emerson A wild type three times before use, only a single isolate, of mating type A, from the third cross being used in the present study. Apart from these four mutants the only other stocks which have entered the pedigree are the wild types Emerson a and Emerson A. Pyr-3, his-5 and leU-2 are linked in the right arm of chromosome IV, pyr-3 being about one map unit proximal to his-5 and leu-2 about nine map units distal to his-i (Smith, 1962) .
(b) Media
All stocks were grown and kept on slopes of Vogel's medium (Vogel, 1955) , suitably supplemented. Crosses were made, using mixed inocula, on slopes of Westergaard's medium (Westergaard and Mitchell, i97) containing folded strips of filter paper. Cultures were tested for biochemical requirements on Vogel's medium in which o 5 per cent. sorbose and oi per cent, sucrose replaced the usual per cent, sucrose. Supplements of growth factors were added to the media where necessary, to give the following concentrations: for histidine mutants, 500 mg./l. of L-histidine mono-hydrochloride, for pyrimidine mutants 500 mg./l. of uracil and for leucine mutants 6oo mg. /1. of DL-leucine.
(c) Crosses Each cross for analysis of histidine prototroph frequency and recombination between flanking marker genes was made using mixed inocula in about eight tubes of crossing medium and ascospores from the different tubes were pooled. The ascospores were collected in sterile water, filtered through muslin, and after removal of excess water by decantation, suspended in o, per cent. agar. An estimate of the number of spores per ml. of suspension was obtained by counting the number of spores in ooi ml. drops of suspension on slides on which the area covered by the coverslip was divided into sixty-four squares.
The frequency of recombination between flanking markers in the general population of the crosses was estimated using a selective method, After germination of the ascospore suspension by heat treatment at 56° C. for 6o minutes, volumes of spore suspension containing approximately 2,000 spores were pipetted into tubes containing 2'5 ml. volumes of 08 per cent. agar supplemented with histidine and kept molten at 450 C. The contents of the tubes were quickly mixed and evenly spread over plates of Vogel's medium. For each cross six of the plates were supplemented with histidine and four with histidine, uracil and leucine. After incubation at 25° C.
for i8 hours the plates were inspected under a binocular microscope and each spore scored for growth. Estimates of the viability of the spores were obtained from the four plates containing histidine, uracil and leucine. From the plates containing only histidine estimates of the frequency of the recombinant class that is prototrophic with respect to pyr-3 and leu-2 were obtained, only this class of spores being able to grow on the medium. The frequency of prototrophic recornbinants, corrected for the viability of the spores, which invariably exceeded 90 per cent., was doubled to give the frequency of recombination between the marker genes.
Recombination between the his-5 alleles in the various crosses was measured by estimating the frequency of histidine prototroph formation amongst the ascospores. For this, suspensions of ascospores, heat treated as before, were added to 07 per cent. agar supplemented with uracil and leucine kept molten at 450 C. to give a concentration of about 25,000 ascospores per ml. A sample of this suspension was then further diluted in molten 0-7 per cent. agar containing uracil and leucine to give a final concentration of between 20 and 35 spores per ml. Samples (3 ml.) of this suspension were then pipetted on to Petri plates containing Vogel's medium in which the normal 2 per cent. sucrose was replaced by i per cent. sorbose, 0 025 per cent. glucose and 0-025 per cent, fructose and which was also supplemented with histidine, uracil and leucine. The remainder of the concentrated spore suspension, containing about 25,000 spores per ml., was pipetted in 3 ml. lots on to plates of similar medium but supplemented only with uracil and leucine. The plates were incubated at 25° C. and scored for growth under a binocular microscope after 48 hours. The plates were re-examined using the naked eye on the succeeding 2 days after which time no further colonies appeared. From the plates supplemented with histidine, uracil and leucine an accurate estimate of the total number of viable spores in the original spore suspension was obtained. Histidine prototrophs appearing on the plates containing uracil and leucine were transferred to slopes of Vogel's medium containing uracil and leucine and subsequently tested for their flanking marker requirements.
RESULTS
It was found that differences in the rates of recombination between the his-5 alleles were not related to the frequencies of recombination between the flanking markers in the general population of the crosses.
Consequently, these two aspects of the data will be considered separately. For convenience the genotype of every stock used in the study is shown in the pedigree in table i.
(I) Analysis of recombinatlon between the flanking marker genes in crosses of the form pyr-3 hls-5 Ieu-2 x pyr-3' his-5 Ieu-2
The analysis had best begin with a pair of stocks of the distal marker leu-2. Two isolates of K553 leu2*, both of mating type A, were obtained from the cross +l€u-2 A x K553 +a. These two isolates are designated K553 leu-2 (i) A and K553 leu-2 () A. Each was crossed to yr-3 K512 () a, a stock isolated from the cross pyr-3 +A x +K512 a, * In writing the constitution, only the allele numbers of the his-5 mutants will be given Strictly the constitution here should be written his-5K553 leu-2$?50l, but since only one mutant allele of leu-2 and yr-3 have been employed, the simpler form of the genotype is unambiguous. It is clear at this stage that the differences in the frequencies of recombination between yr-3 and leu-2 are produced by a single genetic difference segregating, as far as one can tell, independently of leu-2 and mating type. If the locus concerned is designated recombination-2, the allele for low frequency may be symbolised as rec+ and for high frequency as rec. In these terms, K553 leu-2 (i) A is rec and K553 leU-2 () A is rec+. When the rec stock was crossed with Em a all the progeny tested with yr-3 K512 () a were rec, whereas the progeny of the cross Em a x rec+ yielded five rec and five rec+ stocks. This shows that Em a is itself rec, and since K553 and K512 were isolated from Em a they too are rec. The reck allele present in the stock K553 leu-2 () A must also be present in the original leu-2 mutant as it was the only other stock to enter the pedigree. At this point it was not known whether the low or high frequency allele is dominant as the constitution of pyr-3 K5 i 2 () a with respect to the recombination-2 gene was unknown. In an effort to determine the constitution of pyr-3 K512 () a it was crossed to the leu-2 mutant 37501 A, which as we have seen must be rec+ and further yr-3 K512 a stocks reisolated. When crossed to the rec stock K553 leu-2 (i) A, four of these isolates gave frequencies of recombination of about io per cent. and five gave frequencies around 20 per cent. (entries 6 and 7 of table  2 ). This segregation indicates that yr-3 K512 () a is rec. The same nine isolates, four of them rec+ and five rec, when crossed with the rec+ stock K553 leu-2 () A all yielded recombination frequencies of about io per cent. (entries 8 and 9 in table 2). These results indicate that the reck allele is dominant to the rec allele. That is, if one parent bears the rec+ allele then the lower frequency of recombination will result regardless of which allele is carried by the other parent. The leu-2 mutant 37501 A rec+ used in this study was, as already stated, reisolated after three successive crosses to Emerson A so it was thought likely that the reck allele is also carried by Em A. In order to test this possibility and to confirm that rec is dominant to rec, pyr-3 K512 () a rec was crossed to Em A and ten pyr-3 K512 a cultures extracted and crossed to K553 leu-2 (i) A rec. Five of the crosses with All the recombination values considered so far were obtained by the selective method in which it is assumed that the two parental classes occur with equal frequency and also that the recombinant classes are equal, as is normally found in crosses between linked loci. To confirm that this is also true in the present work, three of the crosses were selected for complete analyses, in which random spores were grown and subsequently tested for their marker requirements. Between them the crosses provide all the combinations of the rec-2 alleles.
It is apparent from the results (table 3) that there are no significant differences between the two parental classes of spores nor between the recombinant classes. Considering all three crosses there is some indication of a deficiency of the leu-2 mutant classes probably attributable to a slightly reduced viability of this mutant. The recombination values observed in these experiments are almost identical to the values for the same crosses analysed by the selective method (table 3) . At present there is no difinite indication of the location of the rec-2 gene. The data already presented do however provide some information in this respect. Progeny from three crosses that were of one parental There is no evidence from these rather limited data for linkage of rec-with mating type on group I or Jzis-5 on group IV.
(Ii) AI!eIic recombination Recombination between the his-5 alleles K5 i 2 and K553 was also studied in all the crosses which were previously used to determine recombination between pyr-3 and leu-2. Crosses were analysed for their frequency of formation of histidine prototrophs and the proto- Indeed it has not been possible to demonstrate any relation between the ancestry of the parents of the crosses and the resulting frequencies of prototroph formation. In view of the number of sampling errors inherent in the experimental method it is not practicable to determine to what extent the extremes of frequency observed in the data are significant. These extremes are about the same as those observed in previous data (Smith, 1965) , where the highest frequency for a given pair of alleles was little more than twice the lowest. (b) Distribution offlanking markers. The data upon the distribution of flanking markers are shown in table 4. In earlier data ( Smith, 5965; Jessop and Catcheside, 1965) it was found possible to ascertain with some confidence which of any pair of allelic differences was proximal to the other by examining the distribution of flanking markers amongst the resulting prototrophic recombinants. The three criteria used for ordering the sites of mutation have already been stated (see introduction).
Applying the first criterion to the present data the recombinant class of prototrophs in the majority in all the crosses is the yr-3 leu-2 double mutant class, indicating that K553 is proximal to K5r2.
Considering the proximal flanking marker distribution, criterion II, the pyr-3 mutant class is in the majority in all crosses, again indicating that K553 is proximal to K5 12. The distal marker distribution, criterion III, is much nearer to equality than is the proximal marker distribution. Even so, all, except three crosses, have the leucine class in the majority, once more indicating that K553 is proximal to K5 i 2.
In the three exceptional crosses the differences are not significant.
Closer examination of the distribution of the flanking markers amongst the histidine prototrophs reveals a number of interesting points. In the 25 mc )< rec crosses (table 4) the distribution of the flanking markers is homogeneous. The heterogeneity x2 for 72 degrees of freedom, is 74 and P > o4. Similarly the distribution of the markers amongst the prototrophs in the 9 rec+ x rec+ crosses (table 4) is also considered homogeneous, the x2 for 24 degrees of freedom being 27 and P is OO5. It should be appreciated that in many cases the number of prototrophs in a particular class is small giving inflated contributions to 2 so that the probability is greater than the figures suggest. The distribution in the rec+ x reck crosses is almost identical to that in the rec X rec+ crosses.
The distribution of markers amongst prototrophs of the 25 rec X rec crosses (table 4) is homogeneous, x2 for 72 degrees of freedom being 74.5 and P just < 04. The distribution in these recxrec crosses differs significantly from that of the rec x rec+ and rec+ x rec+ crosses. Before considering this difference in detail it is convenient to formalise the constution of the crosses (fig 2) , by referring to proximal marker differences as P and p, the distal marker differences as D and d and the auxotrophic allelic differences as m' and m2, m1 being proximal to m2 (Catcheside, unpubl.) .
We are now in a position to examine the distribution of each flanking marker separately. This is most easily displayed by means of square root charts in which i/D is plotted against i/d, or i/P against i/p. Taking the distal marker first ( fig. 3) , there is very little difference in the distribution although what difference there is may be real. It is not very convincing, but the spread of the points suggests that two populations are involved.
Turning to the distribution of the proximal flanking marker ( fig. 4) , there are very significant differences. All the rec x rec crosses have a much larger proportion of the pyr-3 + or P prototrophs than do the rec x rec+ or rec+ x rec+ crosses. If x is the chance that a prototroph is P then the value of x for rec x rec+ and re€+ x rec+ crosses is o I 15 whereas the value for rec X rec crosses is o 26, this being 2.3 times greater than in the crosses containing the dominant rec+ allele.
Ify is the chance that a prototroph is D the expectations for each class of prototroph may be calculated on the assumption that the probabilities x andy are independent (Catcheside, unpubi.) . Algebraically the probability for each class is as follows:
(-x)y Table 5 shows the observed totals and the expected numbers in each class of prototroph for the three types of crosses and also for the The main effects of the recombination-2 gene on recombination are best seen when recombination between the flanking markers in the general population of the crosses is plotted against the value of x for the crosses ( fig. 5 ). The presence of the dominant rec+ allele in a cross, in either homozygous or hetcrozygous condition, invariably leads to a reduction in the rate of recombination between flanking markers and to a reduction in the value of x.
DISCUSSION
Theories of recombination have been proposed that take account of the molecular structure of deoxyribonucleic acid and of its time of replication with respect to the time of genetic recombination at meiosis (Holliday, 1962 , 1964 Whitehouse, 1963 Hastings and Whitehouse, 1964; Whitehouse and Hastings, 1965) . These proposals include, variously, separation over a short distance of the two chains of a DNA rec xrec rec+xrec rec'x rec+ + 3 'ii-molecule, the breakage of one or both of these separated chains, the formation of segments of DNA of hybrid origin, the excision of mispaired bases or segments of a DNA chain, and the reconstruction of segments of the DNA chain using information in the other chain.
Many of these events would involve chemical reactions. It is characteristic of organisms that such reactions are catalysed by enzymes and that each enzyme is structurally specified by a gene which may be controlled either directly or indirectly by other genes. It is in these terms that the reC-2 differences must be interpreted. In the first place, it is apparent that rec-2 is fully recessive to rec-2, that is a single dose of rec:2+ is as effective as two doses. It is an axiom that dominance implies that the gene product is metabolically active or that the mutation is in an operator gene. Hence there are two general modes of action of rec-2, either it determines the structure of an enzyme which catalyses one of the events which lead to genetic recombination or else it determines the structure of a regulatory substance. In practice, it would be difficult to distinguish between these possibilities.
The two main effects of the rec-2 allele are, first a reduction in frequency of recombination between non allelic genes to about half the frequency observed in crosses homozygous for the rec-2allele and second a reduction in the frequency of allelic prototrophic recombinants bearing the less frequent proximal flanking marker to a little under half the frequency in crosses homozygous for rec-. It is reasonable to assume at this stage that these effects are general, affecting all regions of each chromosome rather than restricted to the particular system studied. This assumption is being tested as fully as possible in current experiments.
It might be thought that the change in frequency of the less frequent proximal flanking marker class of allelic prototrophic recombinants from o26 in crosses homozygous for rec-2 to oII5 in crosses bearing rec2+ in one or both parents could be accounted for by the increase in non allelic recombination between the proximal marker pyr-3and his-5. For each cross, of indicated rec-2 constitution, the per cent. recombination between pyr-3 and leu-2 is plotted against the value of x. For full explanation see text.
However, to get such a change would require an increase in recombination between yr-3 and his-i from i per cent. in crosses bearing rec2+ in one or both parents to ig'8 per cent, in crosses homozygous for rec-2. Such an increase would be i times greater than the total increase in recombination frequency observed between the two flanking markers pyr-3 and leu-2. Thus the rec-2 gene appears to control both allelic and non allelic recombination, a phenomenon which adds considerable weight to the theory that allelic and non allelic recombination occurs by essentially the same mechanism.
The very different effects of the rec-2 genetic differences on allelic and non allelic recombination remain unexplained but they must reflect in some way the action of the genetic differences over very small and very large segments of the chromosome respectively. It is already apparent that adequate interpretation of the action of individual genes which control recombination will not be possible until more such genes are identified and their mode of action determined. Of equal, if not greater, value will be the study of the interaction of recombination genes.
In Xeurospora only one other genetic difference controlling recombination has been analysed in any detail. This is the recombination gene observed by Jessop and Catch eside (1965) . This gene, which will be referred to as the rec-I gene, controls the frequency of allelic recombination. The dominant allele recI+ reduces the frequency of allelic prototrophic recombinants in crosses between the same pair of alleles by a factor of more than ten without apparently affecting the frequency of non allelic recombination in adjacent segments. In the present study variations in frequency of allelic recombination are not much greater than twofold and scrutiny of the pedigrees of the stocks used indicates that all the crosses examined contained the dominant recI+ allele in at least one parent. Experiments designed to produce all the combinations of the rec-i and rec-2 genetic differences are being made to determine the interactions if any of these genes.
Of considerable interest is the fact that the proximal and distal flanking marker differences associate independently with prototrophic allelic recombinants to give the four possible combinations. This seems to be true for other data (Catcheside, unpubl.) . The present data are unique in that the distribution of flanking marker differences is homogeneous for crosses bearing the same rec-2 differences. In all other substantial bodies of data the distributions of the flanking marker differences, both proximal and distal, vary considerably. It is believed that the distribution of each of the flanking markers is subject to genetic control and it seems probable that the genetic controls of the distribution of the proximal marker act independently of those of the distal marker. Studies to identify the number and action of these controls have begun.
In Escherichia coli mutants have recently been demonstrated (Clark and Margulies, 1965) which are highly sensitive to ultra violet light and also exhibit very low rates of recombination. Unlike the rec-i and reC-2 genes of JVeurospora low frequency of recombination in these mutants is a recessive character. These results seem to indicate that repair of radiation damage and genetic recombination are at least partly under common genetic controls. It may well be that the mechanisms of mutation and recombination involve a number of enzymes active in both processes. If this is so it follows that studies of recombination should be combined with studies of mutation. The relationships between the genetic control of recombinational and mutational events should provide invaluable information about the mechanism of both processes.
SUMMARY
Recombination was studied in crosses bearing four linked genetic differences, the middle two of which were allelic. Two distinct types of cross differed, by a factor of about two, in the frequency of recombinaof the two flanking markers. A single genetic difference controls the recombination frequency so that the dominant recombination gene reduces the frequency to about half that in crosses homozygous for the recessive one.
Prototrophic recombinants between the two centre allelic differences were selected and scored for their flanking marker constitution. The frequency of prototrophs bearing the less frequent proximal flanking marker changes by a factor of about 2.3, the lower frequency being determined by the dominant recombination allele.
The proximal and distal flanking markers associate independently with the prototrophic recombinants to give the four possible combinations.
